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Abstract
The compact 200 W SOFC module is characterised by its rapid startup capability. The module can be run on 
hydrogen, as well as on reformate from hydrocarbon fuels or alcohols. The stack temperature can be raised to 700°C 
in less than 5 min by electric heaters placed in all bipolar plates. The heating power may be drawn from a battery 
which can be later recharged at times of low power demand. Only about 4 Wh of electrical energy are needed to heat 
one installed cell. As the nominal output is 10 W per cell, the startup energy is recovered in about 24 min of 
operation. The complete and functional modules are packaged in sealed metal containers. The current 200 W 
demonstration module has a diameter of 100 mm (4 inches) and is 100 mm tall. The suspended stack of 16 planar 
cells of 60 mm × 60 mm size can deliver up to 200 W of DC power when operated at around 850°C. However, the 
design of the module can be expanded to power levels of 1 kW or more by increasing the number of cells per stack or 
by enlarging the active area. 
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1. System design 
1.1. Cells 
 
The footprint of the planar cells is 60 mm × 60 mm. Because of an innovative sealing technology, 
almost the entire cell area can be used for the electrochemical conversion. At present, anode-supported 
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cells of CeramTec are used, but cells form other suppliers can be stacked. The only requirement is a 
‘wall-to-wall’ uniform coating of the electrolyte by electrode material. Masking contours cannot be 
accepted by the present design.  
 
The cells have been laser-cut from larger sintered cell substrates to remove the masking contours, and 
to cut the four gas supply and discharge holes into the ceramic sheet near the four corners. The footprint 
of the cells is identical to the footprint of the bipolar plate shown in Fig. 1. 
 
60 mm
60 mm
 
 
Fig. 1. Bipolar plate, cell and stack footprint. 
 
  
1.2. Electrically heated bipolar plates 
 
The bipolar plates are made of Crofer 22 APU material. Flow channels and recess areas for the 
heating elements are etched into the plates of 1 mm thickness. The electric heating element is sandwiched 
between two identical halves. Metal sheets 420 mm × 500 mm in size are used to form 42 such halves 
simultaneously. Then the plates and the four holes are cut by laser. After placing the heating element in 
the recessed areas, the two halves are permanently joined by spot welding. The final bipolar plate, shown 
in Fig. 2, is only 2 mm thick including the integrated heating element. A patent application has been filed 
for the innovative and unique integration of electric heaters in bipolar plates. By this feature, heat is 
generated where heat is needed. For an SOFC to function, only the electrolyte has to be hot. All other 
system components will eventually reach high equilibrium temperatures. But it is not necessary to heat 
the entire system – consisting of an external combustor, heat exchangers, manifolds, insulation material, 
stack compression devices and many other system components – before the SOFC stack becomes 
operational.  
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 Fig. 2. Bipolar plate with integrated electric heating element. 
1.3. Stack and stack suspension 
 
The stacks consists of 16 planar cells, two heated end plates, 14 heated bipolar plates, and one 
unheated centre bipolar plate, into which a thermocouple is inserted to monitor the temperature at the 
geometric centre of the stack. The metallic mantle of the thermocouple is in electric contact with this 
centre bipolar plate and the housing of the system. As a result, the centre of the stack is at ground 
potential while its two ends are at equal positive or negative potential with respect to the system. As 
usual, the stack current is taken from both ends. It seems that this arrangement is also innovative. It 
allows close monitoring of the stack temperature, for good control of the electric heating elements during 
startup or load-change operations. 
 
The stack is gently compressed by four 4 mm bolts. The material of these four bolts is carefully 
chosen to match the thermal expansion of the four tie rods to the overall thermal expansion of the stack 
materials. Consequently, the compression applied at room temperature is maintained through the entire 
temperature range up to operating temperatures of 850°C and above. There are no spring-loaded 
arrangements of any kind in the system, with metal components extending through the thermal insulation 
shell into the cooler envelope of the system. As a result, conductive heat losses from the stack are 
minimised. In fact, the stack is freely suspended on the four thin-walled gas supply and exhaust tubes. In 
addition, two current leads, two stack heating wires, and one 1 mm thermocouple connect the stack with 
the walls of the sealed container. For rapid and efficient stack heating it is essential to minimise heat 
losses from the hot stack to the cold environment. 
 
1.4. Stack sealing solution 
 
Fuel, air, or exhaust gas may leak from the stack to the outside and/or between two gas spaces. The 
performance is affected by fuel gas and air leakage from the stack. This innovative design does not allow 
cross leakage between air and fuel spaces, unless the media can penetrate though cracks in damaged cells.  
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Fig. 3. The 16-cell stack with afterburner and heat exchanger suspended inside a sealed container. 
 
Diffusion leakage caused by partial pressure or concentration differences can be reduced by proper 
system design. Serious leakage is caused primarily by pressure-induced aerodynamic gas flows. 
Generally, air and/or fuel gas are supplied at pressures above that of the stack environment. Furthermore, 
the supply pressures are varied during operation of the stack, to adjust the power output to the external 
power demand. As a result, cells and bipolar plates may be separated by higher pressures inside the stack, 
and seals may open up or may even break in the process. For a 100 mm × 100 mm cell operated at an 
internal air pressure of 10 000 Pa (100 mbar), the resulting force may reach 1000 N (100 kg) per stack 
layer or cell seal. Under these conditions and at temperatures of 800°C, sealing is by no means a 
negligible task.  
 
In the current design the pressure-induced leakage problem is solved by an innovative design, for 
which a patent has been filed. The stack is contained in a hermetically sealed can. Air leaking from the 
stack into this can will soon lead to pressure equilibration across the stack perimeter. Aerodynamic 
leakage from the stack will be stopped automatically. Also, no pressure forces act on the stack under any 
operating condition. The scheme has been presented previously [1]. 
 
In the current design, the planar ceramic cells are stacked with the planar bipolar plates without any 
sealing materials. Near the edges and around the four manifold holes, the bipolar plates have flat sealing 
surfaces of 3 mm width. Provisions are made to catch fuel or air leakage from the manifolds before it can 
enter the air or fuel chamber, respectively. The excellent open-circuit voltages obtained seem to indicate 
that the system is not suffering from internal leakage of air into the fuel space or vice versa. 
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2. Experimental results 
 
2.1 Stack heating 
 
At present the stack is heated electrically by connecting the heating elements of the bipolar plates to 
an external power source. However, the heat capacity of the suspended stack arrangement would also be 
low enough for rapid startup with heat transported to the stack by cathode air preheated by an external 
burner.  
 
The heaters presently used have an electric resistance of 13.5 ȍ and can deliver up to 70 W of heat 
when operated at 30 V. Initial heating experiments were performed with a sandwich arrangement of two 
bipolar plates and a cell. A cell temperature of 600°C was reached in about 3 min when both heating 
elements were operated at 74 W. Later, a 12-cell stack equipped with 12 electric bipolar plate heaters 
connected in series and powered from a common 230 V AC grid was tested. Each of the 12 heating 
elements received only 20 V at about 1.5 A, and generated only 34 W of heat. With this configuration a 
stack temperature of 600°C was reached in less than 3 min, as seen in Fig. 4. The heaters can be grouped 
and connected parallel and/or in series, depending on the power source and heating strategy. If the power 
is supplied from a 12 V DC battery, the heaters of the present resistance should be connected parallel to 
accomplish rapid heating at reasonable rates.  
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Fig. 4. Startup heating curves: 12 bipolar plates with ceramic cells and internal temperature sensor. 
   
The energy needed to heat a 16-cell stack to 600°C amounts to about 100 Wh, or 7 Wh per cell. At a 
power output of about 200 W the startup energy will be recovered in about 30 min of operation. For 
remote applications a 12 V DC startup battery of 10 Ah capacity may be used for the startup process. 
 
The startup time can be further shortened by reducing the thermal mass of the stack arrangement and 
by minimising the heat losses to the stack environment by design and choice of materials. The energy 
consumption for startup can be further reduced to about 50% of the current value to about 4 Wh per cell. 
Although rapid heating of the ceramic anode-supported cells has not resulted in obvious cell fractures, 
 Ulf Bossel /  Energy Procedia  28 ( 2012 )  48 – 56 53
experiments are needed to determine the lower limits of the startup time. In any event, the thermal 
expansions of cell and bipolar plate must be perfectly matched. 
 
2.2 Stack performance 
 
At this time the results obtained with a 16-cell stack are presented. The stack was composed of anode-
supported cells from CeramTec and bipolar plates made of Crofer22 APU material. The stack temperature 
was varied from 684°C to 760°C. At each experimental temperature the hydrogen and air flow rates were 
adjusted to values sufficiently low for obtaining good fuel utilisation and stack efficiency. The results of 
the 16-cell experiment are shown in Figs. 5, 6 and 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Voltage-current characteristics of a 16-cell stack. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Power-current characteristics of a 16-cell stack. 
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Fig. 7. Power density-current characteristics of a 16-cell stack. 
 
The results obtained with the 16-cell stack are encouraging. At open-circuit stack potentials above 
17 V were observed. Furthermore, 116 W of power were obtained at 760°C with hydrogen and air at 
stack currents of 20 A. On average, each cell of 27 m2 active area produced 7.3 W of power at relatively 
low operating temperatures. The corresponding power density was 270 mW/cm2 at a current density of 
about 0.74 A/cm2.  
 
2.3 Reformate 
 
Two stack characteristics were recorded in the laboratories of EPFC in Lausanne and compared to 
results observed under similar conditions with hydrogen. The reformate was obtained by mixing 25 mol% 
of carbon monoxide and 75 mol% of hydrogen. Four curves were taken for identical flow rates of 4 l/min 
for air and 1.2 l/min for reformate and hydrogen. The results are presented in Fig. 8. 
 
 
 
 
 
 
 
 
 
Fig. 8. Stack power-current characteristics of a 16-cell stack for reformate and hydrogen. 
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Apparently, the stack performance is not significantly changed by adding CO to the hydrogen. While 
the temperatures of the two reformate experiments are close (664°C and 678°C), the hydrogen results 
were obtained for lower (635°C) or higher (685°C) temperatures. As expected, the performance with 
hydrogen is above and below the reformate results. 
 
3. Commercialisation
 
By itself, the rapid-startup SOFC module is not a commercial product for consumer markets, but it has 
to be fitted with an application-related fuel conditioning system, packaged for consumer use and 
distributed through existing channels to market segments where independent power is of value. It could 
become the heart of many fuel cell systems. 
  
It would be too costly and time-consuming for ALMUS AG to develop systems for all potential 
market applications. Therefore, from a commercial point of view it seems to be more attractive to offer 
mass-produced, low-cost, rapid-startup SOFC modules as ‘hearts’ for all sorts of power generators to 
OEM manufacturers with access to different market segments. The business should follow the approach 
of the computer processor manufacturer Intel (Intel Inside®). OEM manufacturers can focus on customer-
related features without having to acquire the specific knowhow of SOFC technology. The SOFC power 
module could resemble the current module design shown in Fig. 9. 
 
Fig. 10 shows the usual spectrum of market segments of commercial potential for fuel cell generators. 
The Figure is augmented by the typical fuels for each segment. It becomes obvious that natural gas, 
propane, gasoline, and diesel will be the most common fuels for SOFC solutions, while synthetic 
hydrogen will most likely be converted in low-temperature fuel cells. This is true for any kind of fuel cell, 
not only for the SOFC family. Fig. 10 illustrates that good business can be developed for the universal 
SOFC module if the business strategy follows the Intel approach.  
 
 
 
Fig. 9. Possible appearance of the 200 W SOFC module. 
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Fig. 10. Markets and fuels for the rapid-startup SOFC module. 
 
 
4. Summary
 
Many innovative ideas have been combined in a 100 to 200 W SOFC power module which could 
become a standard power source for many applications. The main features of the module are its rapid 
startup capability (less than 5 min to operating temperature), the prevention of leakages by placement of 
the stack in a hermetically sealed container, the reduction of heat losses by suspending the stack on the 
four thin-walled gas supply and discharge tubes, the use of electrically heated bipolar plates for the heat 
generation close to the electrolyte, direct temperature monitoring in the centre of the stack, and a number 
of innovative features not mentioned in this paper.  
 
This module could be perfected and produced in large numbers to become the standard power source 
for many applications and markets. 
 
Investors, partners, buyers, or licensees may contact the author.  
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